Monoclonal antibodies were produced to polyhedrins from Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus (OpMNPV) and single-capsid nuclear polyhedrosis virus (OpSNPV). Although the polyhedrins are closely related, antibodies were selected which allowed differentiation between the two viruses. In an indirect enzyme-linked immunosorbent assay, purified OpMNPV and OpSNPV polyhedrins could be detected by specific monoclonal antibodies at concentrations as low as 2 and 5 ng/ml, respectively. The antibodies were also capable of identifying their homologous polyhedrin in extracts of infected insects. These antibodies would be useful for monitoring production of the viral insecticide, TM Biocontrol-1, which by license must contain only OpMNPV, and to confirm that insect mortality after aerial spraying with this insecticide is attributable to OpMNPV infection.
The Douglas-fir tussock moth, Orgyia pseuidotsuigata, is a forest pest of the western United States. During heavy infestations, which occur in a 7-to 10-year cycle, extensive defoliation can lead to reduced tree growth, tree death, and a consequent negative economic impact on areas dependent on forestry. To develop an insecticide specific for the tussock moth and with limited toxicity to nontarget organisms, the viral diseases of the tussock moth were investigated. A baculovirus, 0. pselidotslugata multicapsid nuclear polyhedrosis virus (OpMNPV), which participates in the natural collapse of tussock moth populations was eventually formulated into an insecticide, TM Biocontrol-1. This insecticide has reduced tussock moth populations by 96 to 99.8% when aerially applied to field plots (16) . The U.S. Department of Agriculture Forest Service has established a facility in Corvallis, Oreg., to produce and process the virus for this insecticide.
A single-capsid baculovirus (OpSNPV) is also pathogenic for the tussock moth (2), but is less virulent than OpMNPV (6) . For this reason, TM Biocontrol-1 is registered to contain OpMNPV only. Since the two viruses may occur together in nature, a simple and dependable laboratory procedure for distinguishing between them would be useful. Both OpMNPV and OpSNPV are occluded in crystals composed of protein (polyhedrin) molecules of close physical and antigenic structure and therefore cannot be distinguished by standard immunological techniques (11, 12, 15) . Although restriction endonuclease fragments of the DNAs from both viruses demonstrate unique fragment profiles which can be used to differentiate between them (13, 14) , this procedure requires the purification of each virus and isolation of the DNA.
In this report, we describe the production of two monoclonal antibodies, one of which is specific for the OpMNPV polyhedrin and the other for the OpSNPV polyhedrin. Therefore, these antibodies can be used to distinguish between the viruses. We also demonstrate that these antibodies can be used to detect and quantify polyhedrin in infected tussock moth larvae.
MATERIALS AND METHODS
Protein preparation. Viral inclusion bodies were prepared and purified by the methods of Martignoni et al. (5) . To isolate polyhedrin, inclusion bodies were heat treated at 70°C for 20 min to inactivate proteases, then dissolved by adding 0.1 volume of 1 M Na2CO3-0.5 M NaCl, and incubated at 56°C for 10 min. The solution was then cooled to 4°C and centrifuged at 120,000 x g for 45 min at 4°C to pellet virions and undissolved inclusion bodies. The supernatant was dialyzed against 0.01 M Tris (pH 8.9) overnight at 4°C. The protein concentration was determined spectrophotometrically (1 mg/ml = 1.33 units of absorption at 280 nm).
Immunization of mice. BALB/c mice were injected intraperitoneally with 100 pLg of OpMNPV or OpSNPV polyhedrin emulsified in complete Freund adjuvant. Twenty-one days later, they were boosted intraperitoneally with 50 ,ug of antigen in incomplete Freund adjuvant. Three days before the spleen cells were harvested, the mice were again boosted with 50 ,ug of polyhedrin in incomplete Freund adjuvant.
Production of monoclonal antibodies. Spleen cells from immunized mice were fused to the BALB/c myeloma cell line SP2/0 in the presence of polyethylene glycol 1500 (M.A. Bioproducts) according to the procedure of Oi and Herzenberg (9) . Approximately 2 weeks after the fusion, supernatant fluids from culture wells containing microscopically visible cell colonies were assayed for the presence of antibody by an indirect enzyme-linked immunosorbent assay (ELISA) procedure (19 Antibody capable of binding homologous polyhedrin was tested for its ability to bind the closely related heterologous polyhedrin. Cells producing antibody capable of distinguishing between OpMNPV and OpSNPV polyhedrins were minicloned and cloned with "feeder cell" thymocytes by the method of Nowinski et al. (7) .
Hybridoma cell lines 19 and 61 produced monoclonal antibodies showing specificity for OpSNPV and OpMNPV polyhedrins, respectively. Culture supernatants from these cell lines containing monoclonal antibodies were collected and stored at -20°C. In addition, antibody-containing ascites fluids were induced by injecting 2 x 106 hybridoma cells intraperitoneally into BALB/c mice previously primed with 0.5 ml of 2,6,10,14-tetramethylpentadecane (pristane; Aldrich Chemical Co., Inc.) (9) . These ascites fluids were used in subsequent immunological assays at dilutions of 1:1,600 for both the OpSNPV and OpMNPV antibodies, unless otherwise specified. Hybridoma cell lines were stored in liquid nitrogen.
Infection of larvae. methylsulfonyl fluoride for 3 min at 4°C with a Virtis blender at medium speed. Larval homogenates were incubated with 0.1 volume of 1 M NaCO3-0.5 M NaCl for at least 10 min at 56°C to dissolve polyhedra. These preparations were then centrifuged at 120,000 x g for 45 min at 4°C, and the supernatants, except for those used in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), were heat treated for 20 min at 70°C. Protein concentrations were determined by the method of Sydow (17) . All insect extracts were assayed at 4.2 ,ug of protein per ml by indirect ELISA.
SDS-PAGE. Extracts of OpSNPV-and OpMNPV-infected tussock moth larvae were subjected to SDS-PAGE (3) with a 3% stacking gel and a 10% separating gel. Samples were electrophoresed for 50 min at 150 V. Gels were silver stained by the method of Oakley et al. (8) .
Western blot-ELISA. Proteins separated in 10% SDSpolyacrylamide gels were electrophoretically transferred at 4°C (Trans-Blot Cell; Bio-Rad Laboratories) to a nitrocellulose filter (Schleicher & Schuell, Inc.) for 2 h at 185 mA. Remaining protein-binding sites were blocked by incubating the nitrocellulose overnight at room temperature in 30 ml of 3% bovine serum albumin in Tris-buffered saline (TBS; pH 7.5). The ELISA was carried out essentially as described in the Bio-Rad Immuno-Blot (GAR-HRP) Assay Kit instructions. The nitrocellulose was incubated for 4 h at room temperature in 50 ml of ascites fluid from hybridoma cell line 61 or 19 diluted 1:1,600 or 1:800, respectively, in 3% bovine serum albumin. The filter was washed five times for 6 min per wash in a total of 250 ml TTBS (TBS containing 0.05% Tween 20) and then was incubated for 1 h at 37°C in 50 ml of TBS containing 3% bovine serum albumin and a 1:1,000 dilution of horseradish peroxidase-conjugated goat antimouse IgG (Sigma). The filter was again washed in TTBS, immersed in 60 ml of Bio-Rad HRP color development solution for 30 min, washed in distilled water to stop the reaction, dried, and photographed. RESULTS Production of monoclonal antibodies to OpMNPV and OpSNPV polyhedrins. To produce monoclonal antibodies capable of distinguishing between OpMNPV and OpSNPV polyhedrins, we assayed hybridoma cells by a doublescreening procedure. Tissue culture supernatants from the cells were first tested for antibody production against the homologous polyhedrin. Those that gave a strong positive reaction in the indirect ELISA were tested against the heterologous polyhedrin. The hybridoma cells giving a negative response to the heterologous polyhedrin were then minicloned and cloned. Ascites fluids, derived from clones 61 and 19, respectively, were used in subsequent tests.
Indirect ELISA results indicated that the monoclonal antibodies were able to distinguish between the homologous and heterologous polyhedrins. The OpMNPV monoclonal antibody detected OpMNPV polyhedrin at concentrations as low as 2 ng/ml (Fig. 1A) , and the OpSNPV monoclonal antibody detected OpSNPV at ca. 5 ng/ml (Fig. 1C) . However, the antibodies did show a cross-reaction with heterologous polyhedrin at antigen concentrations greater than 150 ng/ml (Fig. 1A and C) . The bodies were used in place of ascites fluid, no cross-reaction between the antibody and its heterologous polyhedrin was observed.
Detection of polyhedrin in OpMNPV-and OpSNPV-infected larvae. To determine if the monoclonal antibodies would be useful to monitor virus infections in the field, we examined the ability of the antibodies to detect polyhedrin at various stages of infection in insects. The effect of insect extracts on the results of indirect ELISA tests was determined with extracts of uninfected tussock moth larvae mixed with various amounts of OpMNPV or OpSNPV polyhedrin. The presence of insect extract considerably lowered the sensitivity of the ELISA in detecting OpMNPV and OpSNPV polyhedrins ( Fig. 1B and D) . OpMNPV polyhedrin was not detected at concentrations lower than 40 ng/ml, as compared with 2 ng/ml in the absence of the insect extract. Similarly, OpSNPV could be detected at a minimal concentration of 100 ng/ml in the presence of insect extract, rather than 5 ng/ml in its absence. These results suggest that the insect extract may compete with the polyhedrin for binding sites in the wells during the ELISA.
To examine the ability of the monoclonal antibodies to detect polyhedrin in infected insects, tussock moth larvae infected with either OpMNPV or OpSNPV were homogenized and assayed for the presence of polyhedrin by the indirect ELISA, SDS-PAGE, and Western blot-ELISA methods. The absorbance results from the indirect ELISA are presented in Table 1 . Although no color reaction was visually observed, a slight amount of polyhedrin, possibly from the infecting dose (18) , was detected spectrophotometrically in larvae 1 and 4 days after infection with OpMNPV and OpSNPV. Polyhedrin from insects infected with OpMNPV could be detected by a visible color reaction as well as spectrophotometrically on day 5, and the amount of polyhedrin increased through day 8, at which point the larvae had died. OpSNPV polyhedrin was first detected by a visible color reaction in infected larvae on day 9. On day 11, the polyhedrin concentration had greatly increased, but the larvae were still alive.
These infected tussock moth larval extracts were electrophoresed through SDS-polyacrylamide gels, and the separated proteins were silver stained. A protein the size of polyhedrin was first observed on day 5 in the OpMNPVinfected larvae ( Fig. 2A) and increased in concentration through day 8. In a Western blot-ELISA with ascites fluid from clone 61, this protein was stained, indicating that it was OpMNPV polyhedrin (Fig. 2B) . The antibody first detected this protein on day 5, and the polyhedrin showed increasing concentrations on subsequent days. The monoclonal antibody to OpMNPV polyhedrin also reacted slightly to OpSNPV polyhedrin, probably indicating the crossreactivity shown in Fig. 1 at high polyhedrin concentrations.
SDS-PAGE of the OpSNPV-infected larval extracts showed the presence of a protein the size of polyhedrin by A B X 100 2: 3 4 5 6 7 8 9 10 1 :02 3 4 (15) . Even monoclonal antibodies prepared against a single nuclear polyhedrosis virus polyhedrin commonly show cross-reactivity with some polyhedrins or granulins from other species of baculoviruses (1, 10) . Sequence studies done in our laboratory show the OpMNPV polyhedrin to be 85% homologous to the OpSNPV polyhedrin amino acid sequence (unpublished data). However, the largest single difference seen in the polyhedrins is a sequence in which four of five amino acids differ. This indicated that it should be possible to produce a monoclonal antibody directed against a unique antigenic determinant on the OpMNPV or the OpSNPV polyhedrins. Using a doublescreening procedure in which the antibody was selected first for its reactivity with homologous antigen and second for its inability to bind heterologous antigen, we were able to isolate monoclonal antibodies capable of distinguishing between the two polyhedrins. At antigen concentrations greater than 150 ng/ml these antibodies did show some crossreactivity with heterologous polyhedrin. Cross-reactivity between unrelated proteins with monoclonal antibodies has been reported (4). In our case, the cross-reactivity may result from antigenic determinants on the two molecules which are partially homologous. The specific antibody binds its homologous antigen with much greater affinity than it binds the cross-reacting antigen. At the antigen concentrations we used in our ELISA procedure, this degree of crossreactivity was not significant. Therefore, these antibodies may be used to assay the purity of viral production batches. They would also be useful in monitoring tussock moth larvae after field application of the viral insecticide to confirm that insect mortality was caused by the OpMNPV.
Use of the polyhedrin monoclonal antibodies allowed us to estimate the percentage of polyhedrin present in the alkali-soluble fractions of OpMNPV-and OpSNPV-infected tussock moth larvae. Polyhedrin comprised 8.7 and 8.5% of the alkali-soluble proteins in OpMNPV-infected larvae on (6) previously demonstrated that OpMNPV kills tussock moth larvae more rapidly than OpSNPV. This lower virulence of OpSNPV would allow the larvae to grow longer after infection, possibly resulting in the increased accumulation of polyhedrin.
